The effect of nimodipine on cerebral metab olism during ischemia and reflow was studied in female mongolian gerbils. Animals were divided into three ex perimental groups. Group 1 received 1 mg/kg nimodipine i.p. 1 h prior to ischemia. Group 2 received an injection of the vehicle, 5% polyethylene glycol 400. Group 3 re ceived an equal volume of normal saline. Cerebral ische mia was induced by bilateral common carotid artery oc clusion for 1, 2, or 5 min. Recirculation was established for 0, 1, or 5 min. Sham-operated animals served as non ischemic controls. Gerbils were killed by microwave ir radiation. Regional levels of ATP, phosphocreatine, glu cose, glycogen, cyclic AMP, and cyclic GMP were mea sured in brain extracts using standard assay techniques.
Attention has recently focused on the role of cal cium in mediating various forms of cellular injury (Schanne et aI., 1979; Farber, 1981 Farber, , 1982 Siesj6, 1981 ; Wieloch and Siesj6, 1981) . The development of a class of drugs capable of selectively blocking the influx of calcium through specific potential-de pendent channels has enabled the investigation of this role in vivo (Nayler and Poole-Wilson, 1981; Fleckenstein, 1983; Tr iggle and Swamy, 1983) . Cal cium channel blockers have exhibited a protective effect against cerebral ischemia; this protection has been attributed to the vascular effects of these drugs (Hoffmeister et aI., 1979; Kazda et aI., 1979; Steen et aI., 1983 Steen et aI., , 1984 . To date there has been no demonstrable effect on cerebral metabolism despite evidence that calcium influx modifies cellular func tion (Tower, 1968; Schultz et aI., 1973; Ferrendelli et aI., 1976; Potter et aI., 1980; Anhert-Hilger and Levels of metabolites in sham-operated animals did not differ among Groups 1, 2, and 3. At 1 min of ischemia, cortical and striatal ATP levels were highest in Group I (p < 0.05 and p < 0.01, respectively). After 5 min of recirculation, cortical and striatal glucose levels were highest in Group 1 (p < 0.005). Regional levels of the metabolites measured at other times did not differ signif icantly among the three groups. Pretreatment with ni modipine thus retards the fall in ATP and facilitates the recovery of glucose in mongolian gerbils subjected to common carotid artery occlusion. A regional variability of this effect was observed. Key Words: Calcium channel blocker-Cerebral ischemia-Cerebral metabolism Gerbil-Nimodipine.
Habermann, 1981; Siesj6, 1981 ; Gordon and Sauer heber, 1982; Nowicki et aI., 1982; Ververken et aI., 1982) .
The aim of this study was to investigate the effect of the calcium channel blocker nimodipine on ce rebral metabolism during brief periods of ischemia and recirculation in the gerbil.
MATERIALS AND METHODS
Three-month-old female mongolian gerbils (Meriones unquiculatlls) weighing 50-65 g were obtained from Tum blebrook Farms (West Brookfield, MA, U.S.A.) and maintained in standard animal quarters on water and Purina rat chow.
Nimodipine (Miles Laboratories, West Haven, CT, U.S.A.) is a substituted 1, 4-dihydropyridine that acts as a calcium channel blocker and has a high lipophylicity (Fleckenstein, 1983; Triggle and Swamy, 1983) . A dose of I mg/kg was selected based on previous animal and clin ical studies (Kazda et aI., 1979) . Preliminary experiments performed in this laboratory demonstrated that larger doses produce hypotension in the gerbil. A 10-mg/ml so lution was made by dissolving the drug in polyethylene glycol 400 (PEG 400). This was further diluted with normal saline to a 0.5-mg/ml suspension immediately prior to use. Appropriate measures were taken to avoid exposure of the drug to light.
To evaluate the effect of nimodipine on cerebral me tabolism during ischemia, the experimental animals were divided into three groups. Group 1 received 1 mg/kg ni modipine i.p. 1 h before cerebral ischemia. Group 2 re ceived an injection of the vehicle, 5% PEG 400. Group 3 received a comparable volume of normal saline. Groups 2 and 3 thus served as controls.
The common carotid arteries were looped but not oc cluded under light thiamylal anesthesia (50 mg/kg). Ani mals were allowed to recover and were fasted overnight. The following day the wound was explored in the awake restrained animal. The looped common carotid arteries were easily identified and isolated prior to occlusion with Heifetz aneurysm clips for 1, 2, or 5 min. Using preloaded clip holders and with the appropriate preparation of the vessel prior to occlusion, it was possible to clip both ca rotid arteries within 5 s. Recirculation was established for 0, 1, or 5 min. Animals were then killed by microwave irradiation 0.25 kW microwave, 2, 450 MHz for 3 s), and the cortex, hippocampus, striatum, and cerebellum were dissected and frozen on dry ice before transfer to a -70°C freezer (Lust et a!., 1980) . Sham-operated animals from Groups 1, 2, and 3 served as nonischemic controls. If there was any question concerning the timing or de pendability of carotid occlusion or concerning the ade quacy of microwave irradiation, the animal was dis carded.
Tissue samples were equilibrated with 0.1 N HCl in absolute methanol at -40°C for 20 min. Samples were homogenized after the addition of 1 ml of 0.016 N HC!. A 100-1.L1 aliquot was removed for glycogen and glucose analysis and frozen at -70OC. Protein in the remaining sample was precipitated by centrifugation at 20,000 g for 20 min after the addition of 100 fLl of 3 N perchloric acid containing 10 mM ethyleneglycol bis(aminoethylether)-tet raacetate. One milliliter of supernatant was neutralized with 100 fLl of 3 M potassium bicarbonate and used for metabolite analysis. The protein pellet was dissolved in 1 ml of 1 N NaOH at room temperature and the protein content determined by the method of Lowry et al. (1957) .
ATP and phosphocreatine (PCr), the high-energy phos phates, were determined in the neutralized perchloric acid extract by a luciferin luciferase technique (Lust et aI., 1981) . Glucose and glycogen were measured by the method of Lust et al. (1975) . Cyclic AMP and cyclic GMP were determined using radioimmunoassay kits prepared by New England Nuclear (Boston, MA, U.S.A.) (Steiner et aI., 1972) .
Student's t test was used to determine the statistical significance of our observations. The term "significant" whenever used implies statistical significance at a level of at least p < 0.05.
RESULTS
There was no apparent effect of nimodipine on the level of any metabolite measured in the non ischemic, sham-operated animals. Ischemia re sulted in a rapid fall in the ATP and PCr levels in cortex (Fig. 1) . The level of ATP after 1 min of ischemia was significantly higher in the nimodipine injected animals than in controls (p < 0.05). PCr levels in drug-treated animals did not differ from those measured in controls at any time point. levels during ischemia and recirculation in nimodipine-in jected and control gerbils. Points represent the mean and SEM for determinations in at least five animals. The filled symbol represents a statistically Significant difference (p < 0.01). Polyethylene glycol 400-injected and saline-injected controls did not differ significantly from each other and therefore are represented by the single control curve. � 50% after 5 min of ischemia. ATP and PCr re turned to nonischemic levels after 5 min of recir culation. There was no detectable effect of nimod ipine on these changes in cerebellum (data not shown).
Data concerning cortical glucose and glycogen during ischemia and recirculation are shown in Fig. 3. Ischemia resulted in a rapid fall in the glucose level with no apparent effect of nimodipine pretreat ment. After 5 min of recirculation, the glucose level exceeded preischemic values and was significantly higher in drug-injected animals than in controls (p < 0.005). Glycogen levels fell to near zero after 5 min of ischemia and did not recover during the re circulation period. No effect of nimodipine pretreat ment on the cortical glycogen level was noted at any time point. Comparable data for striatum are shown in Fig. 4 . As in the cortex, the striatal glu cose level was significantly higher in the nimod ipine-treated animals after 5 min of recirculation (p = 0.005). Glucose and glycogen levels in the hip pocampus showed changes similar to those ob served during ischemia in the cortex and striatum.
There was no effect of nimodipine on the hippo campal glucose level during recirculation (data not shown). Cerebellar glucose rose moderately during ischemia and recirculation. Glycogen in cerebellum fell to 50% of nonischemic levels after 5 min of common carotid artery occlusion, and rose tran siently during recirculation. Nimodipine pretreat ment had no effect on cerebellar glucose and gly cogen levels (data not shown).
The effects of ischemia and recirculation on cyclic nucleotide levels in the cortex and striatum min of recirculation, cerebellar cyclic GMP was 60% of the preischemic level (data not shown).
There was no effect of nimodipine pretreatment on cyclic nucleotide levels in the hippocampus or cer ebellum.
DISCUSSION
Numerous investigators have reported beneficial effects of calcium channel blockers on the outcome of cerebral ischemia but have failed to demonstrate an effect of these drugs on metabolism (Hoffmeister et aI., 1979; Kazda et aI., 1979; Steen et aI., 1983 Steen et aI., , 1984 . Harper et al. (1981) could not demonstrate a change in the EEG or cerebral oxygen uptake in anesthetized baboons treated with intraarterial or intravenous nimodipine and therefore concluded that the drug had little effect on cerebral metabo lism. Steen et al. (1983 Steen et al. ( , 1984 after drug injection. One hour after drug injection, the level measured in brain was � 100 nmol/kg wet wt. The apparent affinity constant Kd for nimodi pine binding to the particulate fraction of gerbil brain homogenate is 0.4 nM (Heffez et aI., 1985) . Therefore, as little as 5% of the nimodipine level detected in brain 1 h after a I-mg/kg dose would be adequate to mediate a maximal pharmacological ef fect.
Pretreatment with nimodipine retards the fall in ATP but not PCr in the cortex and striatum of ger bils subjected to bilateral common carotid artery occlusion for 1 min. The effect is temporary and is not evident after 2 min of ischemia. A regional vari ability is demonstrated by the absence of any effect on hippocampal ATP levels. The cerebellum is not considered to be ischemic under these conditions. Pretreatment with nimodipine did not affect the changes in glucose and glycogen levels measured during ischemia. In contrast, there is a dramatic effect of nimodipine pretreatment on glucose re covery that is evident only in the cortex and striatum. Nimodipine pretreatment did not affect the levels of cyclic AMP and cyclic GMP during ischemia or recirculation.
PCr levels decline so rapidly after ischemia that a protective effect of nimodipine may no longer be evident after 1 min of carotid artery occlusion. It is equally important that nimodipine pretreatment does not affect the recovery of ATP and PCr. Cal cium homeostasis consumes ATP and may interfere with the phosphorylation of ADP (Barritt, 1982; Nowicki et aI., 1982) . Calcium channel blockade should minimize the consumption of ATP during the early period of ischemia when the initial influx of calcium may proceed through the potential-depen dent calcium channels. Currently, changes in the intracellular calcium ion concentration are inferred from measurements of extracellular calcium con centrations (Harris and Symon, 1984) . �20% lower than those reported by Kobayashi et al. (1977) and Mrsulja et al. (1984) . In light of the consistency of our results, this probably reflects a systematic difference in tissue sampling that would not alter the interpretation of our data.
Brain glucose levels during recirculation should reflect blood levels and blood flow and hence sub strate delivery to the brain and the rates of glucose utilization, glycogenolysis, and glycogen synthesis.
It is important to distinguish between the effects of nimodipine on cerebral metabolism and its potential systemic effects. Mohamed et al. (1984) Steen et aI., 1983 Steen et aI., , 1984 . Delayed postisch emic hypoperfusion usually occurs 10 min after blood flow is reestablished (Hoffmeister et aI., 1979; Kazda et aI., 1979) and would not have been a factor in gerbils killed after 5 min of recirculation. Gly cogen was undetectable at 5 min of reflow, sug gesting that differences in glycogen synthesis could not explain the differences in glucose levels. Rates of glucose utilization cannot be determined from static measurements of this metabolite. An expla nation of our observations requires further studies of the effects of nimodipine on regional cerebral glucose utilization and blood flow.
The observed changes in the cyclic nucleotide levels are in agreement with those reported by other investigators (Kobayashi et aI., 1977) . A role for calcium in cyclic nucleotide metabolism has been proposed (Ferrendelli et aI., 1976 ). An explanation of the failure to observe an effect of nimodipine requires further work.
The regional variation in the response to nimod ipine pretreatment is striking. An effect is evident only in the cortex and striatum. Radioautographic studies have also demonstrated regional differences in the density of the high-affinity receptors for cal cium channel blockers in rodent brain (Quirion, 1983) . Densities are greatest in the hippocampus, low in the striatum, and intermediate in the super ficial cortex and cerebellum. The greater their den isty, the more difficult it might be to block the re ceptors effectively and demonstrate a drug effect.
A satisfactory interpretation of these results awaits the understanding of the functional significance of these high-affinity receptors (Snyder, 1984) .
In conclusion, we have demonstrated that nimod ipine will accumulate in the brain after i.p. admin istration in concentrations large enough to saturate the potential-dependent calcium channels. Nimod ipine affects the biochemical changes during cere bral ischemia and reperfusion in a regionally selec tive manner. This effect may correlate inversely with the density of calcium channels as demon strated by radioautographic techniques. The bene ficial effects of nimodipine in cerebral ischemia may thus reflect its effect on metabolism and not only on CBF. Studies of CBF using the same experi mental model would help to confirm these conclu sIOns.
